INTRODUCTION
Power quality problem is related to any deviation of voltage, current or frequency that resulting failure or disoperation of electrical appliances. One of the most prominent power quality problems in power system operation is harmonics. The problem resulting distorted voltage or current waveforms and the waveforms represent a sum of pure sinusoidal waveforms in which the frequency of each sinusoidal waveform is an integer multiple of the fundamental frequency of the distorted waveforms [1] . Up to now, the power system is seriously polluted by current harmonics as nonlinear loads such as power converters, switched-mode power supplies, uninterruptable power supplies, dimmer controllers and adjustable speed motor drives are intensively operated at low and medium power system [2] . The current harmonics are associated with various problems such as transmission power losses, overheating of power factor (PF) capacitors and malfunction of sensitive equipment.
Fortunately, the current harmonics can be diminished by various compensation techniques. The most advanced compensation technique involves in reshaping the distorted currents to be sinusoidal currents with low harmonic components and in phase with supply voltages. The compensation technique is achieved by injecting specific harmonic currents (compensation currents) using shunt active power filters (SAPFs) into the polluted power system. The SAPFs are installed in parallel with nonlinear loads and the filters are generally used in compensating the source currents of the nonlinear loads. During the compensation process, the source currents are reshaped to be sinusoidal while the nonlinear loads currents remain unchanged.
Basic circuit topologies of the SAPFs are full bridge fullycontrolled converters. The converters are normally implemented in both single-phase SAPFs and three-phase SAPFs, and the converters can be either voltage source inverters (VSIs) or current source inverters (CSIs). Nevertheless, the VSIs receive more attention than the CSIs as these converters have shown higher efficiency operation, faster dynamic response, lower development cost, smaller converter size and simpler controller than CSIs [2, 3] . More research works on the VSI are done for the three-phase SAPFs operation since the single-phase SAPFs operation is limited for lowpower applications that contribute less significant harmonic currents into the grid power system [2, 4] . Therefore, the proposed shunt active power filter (SAPF) is constructed as a three-phase full-bridge fully-controlled voltage source inverter (VSI).
The successful operation of the SAPFs operation depends on their control strategies. Among the strategies are instantaneous currents and voltages detection, harmonic components extraction, DC-link voltage regulation, current reference signals generation and instantaneous currents regulation [4, 5] . These strategies are systematically executed by the SAPFs controllers and each strategy requires a distinctive yet cohesive algorithm in achieving their respective objective. Various algorithms for harmonic components extraction have been demonstrated in previous works such as the instantaneous active and reactive power theory (p-q theory) [6] [7] [8] [9] , the synchronous reference frame technique (d-q transformation) [3, 9, 10] and artificial neural network (ANN) [5, 7, 11, 12] . In the meantime, pulse-width modulation (PWM) [6, 8, 12, 13] , space vector modulation [3, 10] and hysteresis [5, 10, 11] are the most utilized algorithms in regulating the instantaneous currents.
In this work, the proposed SAPF has implemented an integration of dual intelligent algorithms: artificial neural network (ANN) based fundamental component extraction algorithm and fuzzy logic based DC-link voltage self-charging (fuzzy self-charging) algorithm in its controller. The ANN and fuzzy logic are trained using the modified Widrow-Hoff (W-H) weight updating algorithm and fuzzy rules respectively. The controller has utilized both algorithms for producing its reference signals and consequently mitigating distorted source currents, improving system power factor (PF) and regulating the DC-link voltage. A 10kHz pulse-width modulation (PWM) switching algorithm is employed to generate the switching signals and therefore the distorted source currents are reshaped to be sinusoidal source current with low total harmonic distortion (THD) value and in phase with source voltages. The effectiveness of the proposed algorithms is verified using Matlab/ Simulink.
II. SHUNT ACTIVE POWER FILTER (SAPF)'S CONTROLLER
The proposed SAPF and its control scheme are shown in Fig. 1 . The proposed SAPF controller is designed to execute these following control strategies:
1) Fundamental component extraction: Sensing the load currents i L (t) and extracting the fundamental load currents i 1L (t).
2) DC-link voltage regulation: Calculating and generating the instantaneous dc currents I dc (t) for maintaining the DC-link voltage V dc .
3) Generation of current reference signals: The proposed SAPF controller utilizing the i 1L (t) and the I dc (t) in generating the reference currents i S,ref (t) of the source currents i S (t). 4) Regulation of instantaneous currents:
The i S (t) are regulated by controlling the proposed switching activities. Prior to the proposed SAPF installation, the i S (t) are equal to the distorted i L (t). Due to nonlinearity characteristics of the nonlinear load, the i S (t) do not only distort but displace from the main supply voltages. The currents can be expressed as
where i H (t) is the harmonic load currents of the both i S (t)and i L (t). The shape of the i 1L (t) are pure sinusoidal waveforms with same frequency as the main system operating frequency while the i H (t) are distorted sinusoidal waveforms.
The proposed SAPF is then implemented on the proposed system to mitigate the distorted i S (t) and perform reactive power compensation. The proposed controller is anticipated to control the proposed SAPF switching activities in performing two distinctive operations: (1) injecting the required compensation currents i F (t) for current harmonics and reactive power compensation during the turn-on state and (2) drawing the required i dc (t) for maintaining the V dc level during the turnoff state of the switching activities. Therefore, the new currents equation is written as
If the i F (t) is equivalent to the i H (t), then equation (2) becomes (3)
The i S (t) are predicted to be sinusoidal currents and in phase with the main supply voltages.
In this work, the i 1L (t) are generated by the ANN based fundamental component extraction algorithm. The amplitude I dc of the I dc (t) is calculated using the fuzzy self-charging algorithm; the I dc (t) is obtained by multiplying the I dc with a three-phase sine function. Then, the i S (t) are regulated using the 10kHz PWM switching algorithm.
III. HARMONIC EXTRACTION USING ANN ALGORITHM
Many procedures of harmonic components extraction have been demonstrated in SAPF operation. Some methods involve the transformation of instantaneous voltage and current from ab-c reference frame to instantaneous active and reactive power of -coordinate (p-q theory) [7] or the instantaneous current conversion from static a-b-c reference to rotating d-q frame (dq transformation) [9, 10] . Nevertheless, the complexity of the p-q theory and also the synchronize requirement of the d-q transformation [4] have led to another simple yet fairly effective approach which is ANN techniques. The ANN techniques have gained lots of interest due to their learning and generalizing abilities, high speed recognition and simplicity [5, 7, 11] . In this work, the proposed SAPF controller (refer Fig. 2 ) has implemented the ANN based fundamental component extraction algorithm for extracting the fundamental component of the distorted load currents.
In digital operation, the fundamental component i 1L (k) of the measured load currents i L (k) can be represented as Equation (4) can also be represented in vectorial form as
where W k is the weight vector and Y k is the sine and cosine vector. The W k is trained using the Widrow-Hoff (W-H) weight updating algorithm for estimating the actual i 1L (k). The algorithm can be implemented in any type of power system as the vector W k is updated on-line [7] . According to equation (5) and Fig. 2 , the W-H weight updating algorithm is required to update two weights only which in turn simplify the algorithm framework and increase the iteration speed. However, the average square error e(k) of the algorithm will be very high and therefore, the algorithm is modified by including a suitable learning rate for improving the algorithm performance.
The modified W-H weight updating algorithm can be expressed as (6) where W k+1 is the updated weight with n = 1, 2, 3, …, ∞, 
IV. FUZZY SELF-CHARGING ALGORITHM
DC-link voltage regulation is a compulsory procedure in operation of SAPF based VSI topology. The regulation is performed for maintaining a constant DC-link voltage across the SAPFs' DC-link capacitor. Without the procedure, the DClink capacitor will overly recharge and consequently increase the DC-link voltage linearly and jeopardy the capacitor lifespan. Thus, the DC-link voltage regulation algorithm is desired to control the recharge rate by regulating the i dc (t) (refer Fig. 1) . A conventional PI algorithm [7, 14, 15] and fuzzy algorithm [16, 17] can be used in the DC-link voltage regulation procedure. The i dc (t) is commonly estimated by comparing the actual V dc to its reference value V dc,ref and the resulting voltage error is assumed to be the I dc of the i dc (t). However, the fuzzy algorithm has been proved to have better result and faster response than the PI controller [16] .
Alternatively, the I dc can be calculated using a simple mathematical equation based on energy requirement of the DClink capacitor. This approach is called self-charging technique and the I dc equation can be written as (7) (8) where ΔE is the energy different between the reference energy E ref and the actual energy E of the DC-link capacitor, V s is the amplitude of the instantaneous source voltage, T is the period of the main system operation and C is the capacitance value of the DC-link capacitor. This technique had successfully implemented in a conventional PI algorithm and the DC-link voltage regulation results were published in [18, 19] .
Though PI algorithms are widely utilized in DC-link voltage regulation, the algorithms are difficult to be designed as SAPF system does not have a precise linear mathematical model. Unlike the PI algorithms, fuzzy logic algorithms do not require precise mathematical models and they work well using imprecise inputs, effectively handle nonlinearity system and, more robust and simpler than the PI algorithms [16, 17] . The fuzzy logic algorithms are self-acting mechanisms and work according a set of simple and readable linguistic (if-then) rules. The fuzzy algorithms are guided by the designer intuition and preference and not by mathematical reason [20] . However, well-versed knowledge of the controlled system is necessary in designing the algorithm. In this work, a fuzzy self-charging algorithm is proposed to regulate the DC-link voltage of the proposed SAPF. The block diagram of the proposed fuzzy self-charging algorithm is shown in Fig. 3 . The fuzzification block evaluates and converts two numerical variables: the error E and the change of error CE to a certain degree of five fuzzy sets (linguistic variables): NS (negative small), ZE (zero), PS (positive small), PM (positive medium) and PB (positive big). The E waveform is used in determining the range of the fuzzy sets. The proposed algorithm has implemented triangular membership functions (MF) and Mamdani's 'min' rule-based operator for simplicity. Lastly, the defuzzification block converts the fuzzy output to a single numerical control variable. The normalized MF for the E, the CE and the output is shown in Fig. 4 . Instead of 25 fuzzy rules, the proposed algorithm has executed only 15 rules for optimizing the proposed algorithm. The fuzzy rules table is tabulated in Table  I .
V. SIMULATION RESULTS AND DISCUSSIONS
The main aim of this simulation work was to study the proposed SAPF performance in compensating the source currents and the reactive power of the main system. Additionally, the effectiveness and dynamic response of the proposed controller were also examined. In this work, a threephase 3.5kVA, 400V, 50Hz system with the proposed SAPF was constructed and simulated in Matlab/ Simulink. The system was connected to two nonlinear loads; load 1 consisted of a three-phase uncontrolled rectifier, 470μF capacitor and 84.5Ω resistor, and load 2 comprised of a three-phase uncontrolled rectifier, 470μF capacitor and 100Ω resistor. The nonlinear loads were connected to the main system at different time interval. In the simulation work, the main system was alternately connected to the nonlinear loads at t (time) is 2 second (s). Fig. 1 , the proposed SAPF had these following parameters: the C dc was 3000μF, the R f was 0.1Ω, the L f was 4mH, the R s was 1mΩ and the L s was 0.5mH. In order to study the effectiveness of the proposed SAPF's controller, the proposed SAPF had been implemented with two different controllers: controller A had executed the proposed ANN based fundamental component extraction algorithm and the proposed fuzzy self-charging algorithm and controller B had performed the proposed ANN based fundamental component extraction algorithm and the PI self-charging algorithm. The SAPF with controller A was named as SAPF A and SAPF B was referred to the SAPF with controller B.
Based on
THD values of the source currents are tabulated in Table II . Additionally, the percentage of individual harmonic current distortion for phase A of the source current in percentage of fundamental current and the system PF are calculated and presented in Table III . The tabulated results have shown that the THD values and the percentage of individual harmonic current distortion have complied the IEEE Std 519. Nevertheless, both SAPFs have corrected the system PF at almost unity. These results have validated the compensation capability of the proposed SAPFs with their respective controller. However, the SAPF A has shown better compensation performance than the SAPF B.
Voltages and currents waveforms of the simulated system with the SAPF A are shown in Fig. 5 (t) are in original distorted waveforms. In the figure, the amplitudes of the i S (t) have decreased from 7.5A to 6.5A when the filter are alternatively connected to the load 1 and the load 2 at t is 2s. It can be seen that the SAPF A takes approximately two cycles in regulating the7.5A i S (t) to 6.5A i S (t). Fig. 6 and Fig. 7 . After the transient-state, the DC-link voltage of SAPF A has stabilized much faster than the DC-link voltage of SAPF B. However, the SAPF A has experienced higher peak DC-link voltage during the transient-state. The settling time and the peak voltage as well as other related DC-link voltage properties are tabulated in Table IV . From the table, the different values of the settling times and the peak voltages are 0.26s and 3.3V respectively.
In overall, the SAPF A has exhibited better compensation capability and more stabilized DC-link voltage than the SAPF B. Thus, the effectiveness of the proposed dual intelligence algorithms has been successfully proven in this simulation works. The results have also confirmed that the fuzzy selfcharging algorithm has faster response than the PI selfcharging algorithm during transient-state and steady-state.
VI. CONCLUSION
The proposed dual intelligence algorithms in the SAPF controller had successfully worked and achieved the main objectives of the work. The proposed algorithms enhanced the proposed SAPF operation in both current harmonics and reactive power compensation, and DC-link voltage regulation. As a result, the proposed algorithms had improved the system's source currents and PF and simultaneously regulated the proposed SAPF's DC-link voltage. All THD values had complied the IEEE Std 519 and the PF is almost unity.
